The site of protonation in a molecule can greatly affect the fragments observed in product ion MS/MS spectra. In electrospray positive ionization mass spectra, protonation usually occurs predominantly on the most basic site on the molecule to produce the thermodynamically favored protonated species. However, the literature is unclear whether liquid phase or gas phase thermodynamics has the greater influence. This paper describes the protonation and fragmentation behavior of crizotinib and two of its impurities. Crizotinib has two possible protonation sites, a pyridine nitrogen and a secondary amine, piperidine nitrogen; the former is the favored site in the gas phase and the latter the more favored site in the liquid phase. The impurities contain alkyl substitution on the piperidine nitrogen, producing tertiary amine species. Literature precedence suggests that in the liquid phase, the piperidine nitrogen is still the most basic site but, in the gas phase, the pyridine nitrogen and the piperidine nitrogen have very similar basicities. Fragmentation data for the three molecules suggest that the secondary and tertiary amines protonate preferentially and almost exclusively on different sites. We propose that the secondary amine protonates on the piperidine nitrogen (influenced by solution thermodynamics) and the two tertiary amine structures protonate on the pyridine nitrogen because of steric hindrance at the most basic site of the molecule, allowing kinetic control of the protonation process.
Introduction

E
lectrospray is a widely used ionization technique in mass spectrometric investigations of active pharmaceutical ingredients (API) and related products. Ionization, which takes place at atmospheric pressure, occurs directly from the liquid phase [1] and, therefore, is eminently suited for use in conjunction with high pressure liquid chromatography (HPLC). In electrospray positive (ES+) mode, the ionization process often results in protonation of the intact molecule ([M + H] + adduct ions), particularly when there is a basic site in the molecule, such as an amine function. Where no such site is present, ionization can still occur through the production of alternative adduct ions, such as [M + NH 4 ] + or [M + Na] + ions in addition to or instead of [M + H] + ions. Where more than one basic site is present in the molecule, as in the example of crizotinib, it is possible that protonation can occur at different sites or at several sites simultaneously to give multiply charged ions.
The site of protonation in a molecule is important in understanding the fragments observed in full scan mass spectrometry (MS) experiments and in MS/MS product ion experiments, and ultimately in the ability to accurately interpret MS and MS/MS data from unknown compounds in order to elucidate their structures. This is generally thought to be influenced predominantly by thermodynamic considerations, i.e. by the relative basicity, or pKa value, of the possible protonation sites. Once protonation has occurred, it is possible that intramolecular proton transfers can take place via collisional activation to produce thermodynamically less favored species, which may undergo rapid fragmentation [2] [3] [4] . It is also possible that the most basic site in a molecule might differ in the gas phase from that in the liquid phase [5] [6] [7] and that proton transfer may occur during the evaporation and desolvation process. Tian and Kass [8] have also shown that the site of protonation in paminobenzoic acid changes from N-protonation when analyzed from acetonitrile/water solution to O-protonation in methanol/water solution because of this effect.
Kinetic control of protonation site, in which a thermodynamically less favored site reacts preferentially because of steric hindrance at the favored site, has been reported [2, 3, 9, 10] for gas phase ionization techniques such as chemical ionization (CI). Similar kinetic control has not been reported for liquid phase ionization, and might not be expected because of the greater opportunity for equilibrium to be established in the liquid phase, particularly in the time scale of a HPLC analysis. It is well established that acids, such as formic acid, can be used as mobile phase modifiers in electrospray negative ionization, and several authors [11] [12] [13] [14] have noted that compounds can be analyzed in electrospray positive ionization using high pH mobile phases with no loss of sensitivity compared with low pH mobile phases. This suggests that the degree of ionization (protonation) of analyte in solution may not be a critical factor in the electrospray ionization process.
ES+ HPLC-MS analysis of crizotinib and impurities indicates that the API molecule itself protonates, as expected, on the liquid phase most basic nitrogen and MS and MS/MS spectra can be rationalized from this proposition. However, two impurities, which were identified as having substituents attached to the most basic site, were found to give significantly different MS and MS/MS spectra. This is believed to be caused by predominant protonation of a second, less favored, basic nitrogen because of steric hindrance at the favored site.
Experimental
Mass Spectrometry
A Bruker (Conventry, UK) maXis mass spectrometer was used operating in the ES+ ionization mode using standard operating parameters. Accurate mass calibration was achieved by introducing sodium formate solution (10 mM, aqueous) into the ionization source at the beginning and end of the HPLC run. MS/MS collision induced dissociation (CID) spectra were produced with Argon collision gas at collision energies ranging between 20 and 25 eV. An isolation width of 6 Da was used to make use of isotope distributions in the MS/MS spectra to verify formula assignment.
Data processing was performed using Bruker DataAnalysis software, including the chemical formula assignment software, SmartFormula (SF) [15] [16] [17] [18] [19] and SmartFormula3D (SF3D) [20, 21] 
Chromatography
Analytical HPLC conditions consisted of a Sunfire (Water Ltd., Elstree, UK) C18 column (150×4.6 mm, 3.5 μ) operated at 25°C. Gradient LC conditions were established with mobile phases of 10 mM ammonium formate adjusted to pH 2.5 with trifluoroacetic acid (A) and acetonitrile (B) Initial conditions were 90% A (held for 2 min) followed by a gradient to 30% A at 40 min. The flow rate was 0.5 mL/min and 10 μL of a 1.0 mg/mL solution of crizotinib in methanol/water (1/1) was analyzed. These conditions allowed the separation of two impurities from crizotinib.
Results and Discussion
Crizotinib
The structure of crizotinib, 1, is shown below, along with predicted pKa values [22] for the four most basic sites. The pKa values suggest that at pH 2.5 both the piperidine nitrogen and the pyridine nitrogen will be protonated in aqueous media, although at this elution time the mobile phase contains approximately 54% acetonitrile and therefore the true pH is likely to be higher. We would predict from a solution thermodynamic view point that the piperidine nitrogen would protonate most readily and that the mass spectrum may show some contribution from doubly charged species caused by additional protonation of the pyridine nitrogen. 
8). A doubly charged [M + 2H]
2+ ion is also observed at m/z 253.6. The MS and MS/MS data are tabulated in Table 1 to indicate chemical formulae assignments of the ions, as verified by SF and SF3D. The formula is C 4 H 8 higher than that of crizotinib and the MS/MS spectrum of m/z 506, shows a loss of C 4 H 8 to give m/z 450.1254 (see above). The m/z 367 fragment is again observed and the presence of a low intensity m/z 140 fragment (C 9 H 18 N) locates the extra butyl group on the piperidine ring nitrogen.
The structure of Impurity A (m/z 506) is assigned as the N-t-butyl analogue, 2, after consideration of the synthetic route. The piperidine nitrogen is now even more basic because of the positive inductive effect of the t-butyl group and, like crizotinib, the piperidine nitrogen would be expected to protonate in preference to the pyridine nitrogen, based on solution thermodynamic considerations. The piperidine nitrogen is predicted to be slightly less basic than in crizotinib but is still the preferred site of protonation, based on solution thermodynamics. The full scan MS spectrum of this impurity and that of crizotinib are similar, suggesting that the two compounds protonate, and hence fragment, in a similar way. However, the product ion MS/MS data for m/z 522 show greater similarity to data for Impurity A (m/z 506), with a major odd-electron fragment of m/z 331.2006 (C 17 H 25 N 5 O 2 , calculated m/z 331.2003 mσ= 11.7), equivalent to the m/z 315 fragment observed in the product ion MS/MS spectrum of Impurity A (m/z 506). This again suggests that the first site of protonation is the thermodynamically less favored pyridine nitrogen and that this is determined by kinetic factors due to steric hindrance of the more favored site. The proclivity for double protonation, as evidenced by the full scan MS spectrum, is a clear indication that the piperidine nitrogen is less sterically hindered in the hydroxybutyl impurity (Impurity B, 3) than it is in the t-butyl impurity (Impurity A, 2), providing further evidence that these assignments are correct. The fragmentation of Impurity B (m/z 522) is detailed in Scheme 3, which also shows the assignment of the fragment m/z 272.1511 (C 14 H 18 N 5 O, calculated m/z 272.1506 mσ=15.8), providing additional evidence of this structure assignment.
Cl
Gas Phase Proton Affinities-an Alternative Explanation?
The mechanism of ion formation during electrospray has been discussed in detail elsewhere [1, 5, and references therein]. It has been postulated that gas phase ions are produced either via complete evaporation of the droplet [23] or that excess charge on the droplet surface causes ions to evaporate into the gas phase [24] . It is not fully understood whether the solution phase pKa values or the gas phase proton affinity (PA) values determine the thermodynamically most favored site of protonation. Ehrmann et al. [5] point out that these two values can be very different and also illustrate the difficulty of determining the true PA of the analyte, which is likely to be solvated in the gas phase, compared with published values of the bare analyte. They conclude, after examination of the protonation behavior of a large number of a diverse series of protonatable analytes, that solution chemistry is the most important parameter for determining electrospray response and that electrospray response was low for analytes that were poor bases in solution even if they had very high gas phase basicity.
Nevertheless, a discussion of PAs is highly relevant in relation to the site of protonation in crizotinib and related structures. Koné et al. [6] have shown that the thermodynamic properties of nicotine (Figure 4 ), which contains a pyridine ring nitrogen (sp2) and a N-methyl substituted pyrollidine ring nitrogen (sp3) differ greatly in solution and gas phase. In solution, the sp3 nitrogen is more basic by 13.3 kJ mol -1 , resulting in 998% protonation of the sp3 pyrollidine nitrogen. Similar solution data are obtained for nornicotine (Figure 4) , which differs in structure with the loss of the methyl group, resulting in the pyrollidine ring nitrogen becoming a secondary amine. However, in the gas phase, the pyridine nitrogen (sp2) and pyrollidine nitrogen (sp3) have very similar PAs in nicotine, and in nornicotine, the sp2 nitrogen has a much higher PA than the sp3 nitrogen by 20.8 kJ mol . By analogy, it might be expected that anabasine and N-methylanabasine (Figure 4 ), which contain a pyridine nitrogen (sp2) and a piperidine nitrogen (sp3) and, thus, are closer analogues to crizotinib and its impurities, would behave similarly. Indeed, the same authors [6] , whilst not quoting solution data for anabasine and N-methylanabasine, calculate that in the gas , whereas the PAs of the two nitrogens in N-methylanabasine are, again, very similar.
If the site of protonation in crizotinib and related structures were determined thermodynamically by gas phase PA rather than solution pKa values, crizotinib would be expected to protonate almost exclusively on the pyridine nitrogen (sp2), i.e. not as shown in Scheme 1, and the two N-substituted impurities (Impurities A and B) would be expected to protonate at one or other of the two sites with approximately equal favor. We believe that this does not correlate with the experimental observations, which strongly support the notion that the two N-substituted structures protonate on a single site (for the monoprotonated species), and that site is different from the site of protonation of the monoprotonated species in crizotinib itself. Figure 5 shows the expanded region of the MS/MS spectra for crizotinib and Impurity A. The crizotinib data show an intense even-electron m/z 260 ion, proposed to originate from the piperidine protonated molecular ion, as discussed earlier, as well as a low-level odd-electron m/z 259 ion, which indicates a small contribution to the fragmentation from the pyridine protonated molecular ion. The Impurity A data show an intense odd-electron m/z 259 ion with virtually no contribution of the even-electron m/z 260 ion. This suggests that protonation occurs almost exclusively on one site, proposed to be the pyridine nitrogen, which is not consistent with gas phase PA predictions.
Conclusion
Kinetic control of protonation in electrospray ionization is demonstrated by reference to MS and MS/MS spectra of crizotinib and two related impurities. In crizotinib itself, the secondary amine (the piperidine nitrogen, predicted pKa 9.81) is the preferred site of protonation, as expected from thermodynamic considerations, although the pyridine nitrogen (predicted pKa 7.11) can also be protonated to give doubly charged ions. The N-t-butyl tertiary amine impurity (Impurity A) protonates preferentially on the pyridine nitrogen despite the tertiary amine nitrogen being by far the most basic site on the molecule (predicted pKa 10.02). Limited additional protonation of the piperidine nitrogen occurs to give doubly charged ions. The N-hydroxybutyl tertiary amine impurity (Impurity B) also ionizes preferentially on the less basic pyridine nitrogen, although a significant amount of additional protonation of the piperidine nitrogen (pKa 8.59) is observed in the full scan MS spectrum because of a lower degree of steric hindrance of the piperidine nitrogen compared to Impurity A. The ions observed in the MS/MS spectrum of Impurity B suggest that fragmentation is predominantly from the pyridine nitrogen protonated species.
These observations are surprising if the electrospray spectrum is a reflection of the state of protonation of the molecule in solution, because it would be anticipated that equilibrium would be established to produce the thermodynamically most stable protonated state in the time scale of HPLC. This strongly supports the proposal that mechanisms other than in-solution ionization may be important in ion formation by the electrospray process [11, 12] . Indeed, the pH of the liquid phase becomes a meaningless concept by the end of the electrospray process as a protonated molecule emerges from the final, highly charged, droplet into the gas phase [13] . However, the data do not support the proposition that the site of protonation is determined solely by the thermodynamics of gas phase PAs. These observations, together with literature precedence [2, 3, 9, 10] of steric hindrance directing the protonation site in chemical ionization, suggest that a greater consideration of steric hindrance should be made in interpretation of electrospray data and in discussions of the electrospray mechanism. 
